Rationale Compensatory smoking may represent an adverse consequence of smoking reduction or the use of reducednicotine tobacco products. Factors contributing to individual variability in compensation are poorly understood. Objective The objective of this study was to examine whether severity of nicotine withdrawal as measured by elevated intracranial self-stimulation (ICSS) thresholds is related to individual differences in compensatory nicotine self-administration (NSA) following unit dose reduction. Methods Rats were trained for ICSS and NSA (0.06 mg/kg per infusion). After stabilization, effects of reducing the nicotine unit dose to 0.03 mg/kg per infusion were examined. Following reacquisition of NSA (0.06 mg/kg per infusion), effects of antagonist-precipitated withdrawal and saline extinction (spontaneous withdrawal) were examined. Results Reducing the NSA unit dose produced partial compensation as indicated by the increased infusion rates, but a 35% mean decrease in daily nicotine intake. The magnitude of compensation varied considerably among rats. Dose reduction did not elicit withdrawal in rats as a group, although there were substantial increases in ICSS thresholds in some animals. Intracranial self-stimulation thresholds were consistently elevated during precipitated and spontaneous withdrawal, confirming that rats were nicotine-dependent. Individual differences in compensation were not correlated with changes in ICSS thresholds during dose reduction, precipitated withdrawal, or spontaneous withdrawal. In a secondary analysis, greater precipitated withdrawal severity predicted greater initial nicotine seeking during extinction. Conclusions Severity of nicotine withdrawal was not related to the degree of compensation in this protocol. These data do not support a role for nicotine withdrawal in individual differences in compensation during reduced nicotine exposure, but do suggest that withdrawal may contribute to nicotine seeking during early abstinence.
Introduction
Tobacco harm reduction is being evaluated as an alternative or transitional stage toward cessation for smokers who are unable or unwilling to quit (Britton and Edwards 2008; Hatsukami et al. 2007; Shiffman et al. 2002; Stratton et al. 2001) . Harm reduction strategies attempt to reduce disease associated with tobacco use by reducing exposure to tobacco toxins. Approaches to harm reduction for individuals include smoking reduction (e.g., decreasing cigarettes per day) or the use of modified tobacco products containing reduced levels of toxins or nicotine Stead and Lancaster 2007) , the primary addictive component of tobacco (e.g., Benowitz 1996; 2008; U.S. DHHS 1999) . Population-level harm reduction strategies include smoking bans or the proposed policy of gradually decreasing the nicotine content of cigarettes to a non-addictive level (Benowitz and Henningfield 1994; Henningfield et al. 1998) , an approach being considered by the Food and Drug Administration (Hatsukami et al. 2010b; Zeller and Hatsukami 2009 ).
The ability of certain harm reduction strategies (e.g., switching to cigarettes with reduced nicotine yields) to reduce actual toxin exposure may be limited by compensatory changes in smoking topography (e.g., increasing puff depth or frequency) that occur in an attempt to titrate nicotine intake and compensate for lower smoke delivery (Benowitz et al. 2005; Hatsukami et al. 2006; Joseph et al. 2008; Scherer 1999) . The considerable degree of individual variability associated with compensation (e.g., Benowitz et al. 2006; Hecht et al. 2004) suggests that harm reduction strategies may be more effective in some smokers than in others. Characterizing the determinants of individual differences in compensation could be valuable for improving or individualizing harm reduction interventions and informing tobacco regulation policy.
The determinants of compensation have not been well established, but may include or overlap factors related to smoking behavior or smoking cessation. Avoidance of the aversive aspects of nicotine withdrawal has been hypothesized to contribute to smoking behavior (e.g., Watkins et al. 2000a, b) , and nicotine withdrawal severity is a known predictor of cessation success (Hughes 2007; Piasecki et al. 1998 Piasecki et al. , 2003 . Although much less studied, withdrawal is also relevant to certain harm reduction interventions (e.g., switching to cigarettes with reduced nicotine yields or reduced nicotine content) in that they can elicit modest withdrawal symptoms due to decreases in nicotine intake (Benowitz et al. , 2009 Hatsukami et al. 2010a; West et al. 1984; Zacny and Stitzer 1988) . These findings raise the possibility that withdrawal might motivate increases in smoking in those individuals that exhibit compensation when switching to reduced-nicotine cigarettes. However, whether such a relationship exists between individual differences in severity of withdrawal and compensation during tobacco exposure reduction has not been established.
Animal models of nicotine self-administration (NSA) may be useful for modeling compensation. Numerous studies manipulating nicotine dose within subjects have reported greater infusion rates for moderate (e.g., 0.03 mg/kg per infusion) compared to high (e.g., 0.06 mg/kg per infusion) NSA unit doses (e.g., Corrigall and Coen 1989; DeNoble and Mele 2006; Donny et al. 1995; Watkins et al. 1999 ). While other interpretations are possible (see "Discussion"), most authors attribute this "inverted U" dose-response function to nicotine regulation/titration (e.g., Corrigall 1999; Corrigall and Coen 1989; Hatsukami et al. 2010b; Lynch and Carroll 1999; Matta et al. 2007; Rose and Corrigall 1997; Shoaib et al. 1997 ). As such, increases in NSA following unit dose reduction may be at least somewhat analogous to compensatory smoking during the use of reduced-nicotine cigarettes.
We have previously examined correlates of compensatory increases in 23-h/day NSA following unit dose reduction ). As in humans, compensation (defined as a change in nicotine intake that is proportionally less than a change in nicotine unit dose; Hughes and Carpenter 2005; Scherer 1999 ) was associated with a considerable degree of individual variability and was only partial (i.e., baseline nicotine intake was not maintained). Whether the resulting decreases in nicotine intake were sufficient to elicit withdrawal, and the role of any withdrawal effects in individual differences in compensation, was not addressed.
The primary goal of this study was to examine whether nicotine withdrawal is elicited by a reduction in the unit dose for NSA that is known to elicit compensation and whether individual differences in the severity of withdrawal is related to individual differences in compensation. The primary measure of withdrawal was elevation in intracranial self-stimulation (ICSS) threshold, indicative of the deficit in brain reinforcement processes (anhedonia) that accompanies withdrawal (Epping-Jordan et al. 1998; Markou and Koob 1991) . To examine whether a partial reduction in nicotine intake would elicit withdrawal, ICSS thresholds were tested prior to and during unit dose reduction. Thresholds were also tested during antagonist-precipitated and spontaneous withdrawal (i.e., extinction testing) to confirm that rats were nicotine-dependent, as well as to provide measures of withdrawal sensitivity in addition to any elevations in ICSS thresholds observed during dose reduction. In a secondary analysis, the roles of several variables (e.g., baseline levels of nicotine intake) in mediating individual differences in severity of precipitated and spontaneous withdrawal were examined.
Materials and methods

Animals
Male Holtzman rats (Harlan, Indianapolis, IN, USA) weighing 300-325 g at arrival were maintained under a restricted feeding regimen (≈18 g/day rat chow). This strain was chosen to extend our previous studies that used the same strain to examine individual differences in compensatory NSA (Harris et al. 2008 . Upon arrival, all rats were individually housed in a temperature-and humidity-controlled colony room with unlimited access to water under a reversed 12-h light/dark cycle (lights off at 1100 hours). Rats in the NSA group were moved to operant conditioning chambers in a separate room under the same light/dark cycle following onset of 22-h NSA (see below). The control group, which was not tested for NSA, remained housed in the same colony room throughout the experiment. Protocols were approved by the Institutional Animal Care and Use Committee of the Minneapolis Medical Research Foundation in accordance with the 1996 NIH Guide for the Care and Use of Laboratory Animals and the Guidelines for the Care and Use of Mammals in Neuroscience and Behavioral Research (National Research Council 2003) .
Apparatus
Intracranial self-stimulation
Rats were tested in operant conditioning chambers (29×26× 33 cm; Med Associates, St. Albans, VT, USA) placed inside sound-attenuating cubicles. A 5-cm-wide metal wheel manipulandum was fixed to the front wall. Brain stimulation was administered with constant current stimulators (model #PHM-152, Med Associates). Rats were connected to the stimulation circuit through bipolar leads (Plastics One, Roanoke, VA, USA) attached to gold-contact swivel commutators (Plastics One). MED-PC IV software was used to control stimulation parameters and for data collection.
Nicotine self-administration
Each operant chamber (29×26×33 cm; Coulbourn Instruments, Allentown, PA, USA) was made of aluminum and Plexiglas walls, an aluminum ceiling, and a stainless steel grid floor. Two response levers were located on the front wall 10 cm above the chamber floor on either side of a food aperture located 2 cm above the floor. Stimulus lights were located 2 cm above each response lever. Water was continuously available via a spout mounted on the back wall of the chamber. Each chamber was placed inside a sound-attenuating cubicle equipped with an exhaust fan that provided masking noise. Infusion pumps (model RHSY, Fluid Metering, Syosset, NY, USA) placed outside each cubicle delivered infusions through Tygon tubing connected to a fluid swivel mounted above the chamber, and from the swivel through a spring leash connected to a guide cannula mounted in a harness assembly on the back of the rat. MED-PC IV software was used for operating the apparatus and recording data.
Drugs
Nicotine bitartrate or mecamylamine hydrochloride (Sigma Chemical Co., St. Louis, MO, USA) were dissolved in sterile saline. The pH of the nicotine solution was adjusted to 7.4 with dilute NaOH, and heparin (30 U/ml) was added to help maintain catheter patency. Nicotine doses are expressed as the base.
Surgery
Electrode implantation
Animals were anesthetized with ketamine (75 mg/kg, i.m.) and xylazine (7.5 mg/kg, i.m.) and implanted with a bipolar stainless steel electrode (Plastics One) in the medial forebrain bundle at the level of the lateral hypothalamus as described in Roiko et al. (2009) . Animals were allowed to recover for at least 1 week prior to ICSS training. During the first 2 days of recovery, all animals received injections of the antibiotic ceftriaxone (5.25 mg, i.m.) and the analgesic buprenorphine (0.1 mg/kg, s.c.).
Catheter implantation
Each rat was implanted with a chronic indwelling jugular catheter under droperidol (2 mg/kg)/fentanyl (0.04 mg/kg) anesthesia (Harris et al. 2008; LeSage et al. 2002) . The catheter was externalized between the scapulae and attached to a harness assembly that allowed connection to a fluid swivel via a tether for nicotine administration. Animals were allowed to recover for at least 4 days after surgery, during which time they received daily infusions of heparinized saline and ceftriaxone (5.25 mg, i.v.) and injections of buprenorphine (0.1 mg/kg, s.c.; first 2 days only).
Behavioral training
Intracranial self-stimulation
Rats were trained on a modified version of the Kornetsky and Esposito (1979) discrete-trial current threshold procedure (Harris et al. 2010; Markou and Koob 1992; Roiko et al. 2009 ). Each trial was initiated with presentation of a non-contingent stimulus (0.1-ms cathodal square wave pulses at a frequency of 100 Hz for 500 ms) followed by a 7.5-s window, during which a positive response on the wheel manipulandum produced a second contingent stimulation identical to the first. Lack of responding in the 7.5-s window was considered a negative response. Each positive or negative response was followed by a variable inter-trial interval averaging 10 s (range, 7.5-12.5 s), during which time additional responses delayed the onset of the subsequent trial by 12.5 s. Stimulus intensities were presented in four alternating descending and ascending series (step size, 5 μA), with five trials presented at each current intensity step. The current threshold for each series was defined as the midpoint between two consecutive intensity steps that yielded three or more positive responses and two consecutive intensity steps that yielded three or more negative responses. The overall ICSS threshold for the session was defined as the mean of the current thresholds from the four alternating series. To assess performance effects (e.g., motor disruption), response latencies (time between onset of the non-contingent stimulus and a positive response) were averaged across all trials in which a positive response was made.
Nicotine self-administration
Rats were trained to self-administer nicotine in daily 22-h sessions (1100-0900 hours). A similar access schedule (23 h/day) results in patterns of nicotine intake similar to those of smokers (see Harris et al. 2009; LeSage et al. 2002) . A 22-h schedule was used to allow sufficient time for ICSS testing between NSA sessions (see below), as well as for cage maintenance, feeding and weighing of animals, and evaluation of general health. Nicotine availability was signaled by illumination of the stimulus light above the active (right) response lever. Following completion of the response requirement, the stimulus light was extinguished and nicotine (0.06 mg/kg per infusion) was infused over the course of 1 s in a volume of 50 μl heparinized saline. This training dose was chosen because it lies on the descending arm of the "inverted U" NSA dose-response curve in both limited (e.g., 1 h) and unlimited access NSA models (e.g., Corrigall and Coen 1989; DeNoble and Mele 2006) , allowing for the measurement of compensatory increases in NSA following unit dose reduction. Had the training dose been on the ascending arm or peak of the NSA dose-response curve, dose reduction would only result in decreases in infusion rates. Following a 7-s timeout, the stimulus light turned on and the next nicotine infusion was available. Responses on the other (inactive) lever were recorded, but had no programmed consequences. The response requirement was initially a fixed ratio 1 (FR 1) and was gradually increased to FR 3 across several sessions. The criteria for acquisition were a minimum of ten infusions per day under the FR 3 schedule and a ratio of active to inactive lever presses of at least 2:1 for five consecutive sessions. These acquisition criteria are typical for NSA under unlimited access conditions (e.g., Brower et al. 2002; LeSage et al. 2003; Valentine et al. 1997 ).
Assessment of somatic withdrawal signs
Rats were habituated to clear plastic circular chambers for 10 min on each of 2 days prior to testing. During withdrawal tests, rats were placed in the chamber and videotaped for 10 min. Tapes were later scored for somatic signs by a blinded trained observer using a validated checklist (Malin 2001; Roiko et al. 2009 ).
Protocol NSA group Figure 1 shows a timeline for the experimental procedure for the NSA group (n=14). Rats were initially trained for ICSS in 1-h sessions conducted 5 days a week (Monday-Friday) until ICSS thresholds were stable (i.e., <10% coefficient of variation over a 5-day period and no apparent trend). Rats were subsequently implanted with i.v. catheters and continued to be tested for ICSS. When ICSS thresholds were again stable, rats were concurrently trained for NSA (0.06 mg/kg per infusion) in 22-h/day sessions conducted 7 days a week. ICSS continued to be tested 5 days a week beginning 15 min after each NSA session. When both ICSS thresholds and NSA were stable (stability criteria for ICSS as above; criteria for NSA=no trend in infusion rates across five consecutive session and a coefficient of variation <15%), the nicotine unit dose was reduced to 0.03 mg/kg per infusion for at least 12 NSA sessions (corresponding to ten ICSS sessions due to weekend breaks in ICSS testing) and until both infusion rates and ICSS thresholds were stable. This unit dose was used because it is near the peak of the NSA dose-response curve (e.g., Corrigall and Coen 1989; DeNoble and Mele 2006) . The unit dose was always reduced on a Monday. Rats were subsequently allowed to reacquire NSA (0.06 mg/kg per infusion) for at least 12 NSA sessions (ten ICSS sessions) and until infusion rates and ICSS thresholds were stable, at which point antagonist-precipitated withdrawal was tested to confirm that animals were nicotine-dependent. Injections during this phase typically occurred on Tuesdays and Fridays, provided that infusion rates and ICSS thresholds were within baseline range on intervening days. On each of two habituation days, rats were injected with s.c. saline immediately after NSA testing and, 15 min later, tested for ICSS. On each of two test days, this procedure was repeated with the exception that rats received either saline or the nicotinic antagonist mecamylamine (1.5 mg/kg, s.c.), with the injection order counterbalanced. This mecamylamine dose reliably precipitates increases in ICSS thresholds and somatic signs in rats dependent on a chronic nicotine infusion while having no effect on these measures in drugnaïve rats (Markou and Paterson 2001; O'Dell et al. 2006; Watkins et al. 2000b ). To confirm further that animals were nicotine-dependent, a subset (n=8) of rats was tested for somatic withdrawal signs immediately after each precipitated withdrawal test. Following precipitated withdrawal testing, rats continued to be tested for at least seven NSA sessions (five ICSS sessions) and until both infusion rates and ICSS thresholds were stable. To assess spontaneous withdrawal, a period of extinction was subsequently arranged in which saline was substituted for the NSA unit dose. Stimuli that had been paired with nicotine infusions continued to be presented during extinction, allowing for isolation of the effects of nicotine from the effects of nicotine-associated cues on drug seeking. Extinction conditions were always introduced on a Monday. Effects of extinction on infusion rates and ICSS thresholds were tested for a total of nine NSA sessions (seven ICSS sessions). Somatic withdrawal signs were not measured during extinction. Extended-access (6-23 h) NSA at a range of unit doses remains stable over prolonged periods of time (e.g., months; Harris et al. 2008 Harris et al. , 2009 O'Dell et al. 2007; . Therefore, we did not include a separate group tested on the training dose throughout the protocol to control for changes (e.g., escalation) in NSA due to longterm drug exposure.
Control group
An additional group was used to examine whether ICSS thresholds remained stable over time in the absence of the NSA protocol described above. Rats (n=11) were trained for ICSS until ICSS thresholds were stable, catheterized, and then tested until ICSS thresholds were again stable. Animals continued to be tested for ICSS 5 days a week for an additional 87 sessions (i.e., the average number of ICSS sessions that the NSA group required to complete all phases of the NSA protocol). Rats were tested during a similar time of day as the NSA group, but were returned to their home cages between ICSS sessions. This control condition is commonly used in studies examining the effects of drug selfadministration on ICSS (e.g., Ahmed et al. 2002; Kenny et al. , 2009 . Beginning on session 60 (i.e., the average ICSS session in which precipitated withdrawal testing began for rats in the NSA group), effects of saline and mecamylamine (1.5 mg/kg, s.c.) on ICSS thresholds and somatic signs were tested as for the NSA group.
Data analysis
Baseline measures
Baseline ICSS thresholds (in microamperes), response latencies (in seconds), daily (22 h) infusion rates, and total daily nicotine intake (milligrams per kilogram per day) in the NSA group for each experimental phase were defined as the mean during the last five sessions prior to the beginning of that phase. Baseline periods in the control group corresponded to the average ICSS sessions (in relation to achievement of stability) in which each baseline period occurred in the NSA group. Baseline ICSS data were compared between groups during each baseline period using separate independent sample t tests to confirm that they did not differ. All ICSS and NSA data were computed as percentage of the appropriate baseline for subsequent analyses.
Effects of dose reduction and reacquisition on NSA and ICSS
Daily NSA and ICSS data in the NSA group during reduction and reacquisition were compared to baseline using separate one-way repeated measure ANOVAs followed by Dunnett's post hoc tests. Compensation occurs when changes in nicotine intake are proportionally less than changes in nicotine unit dose (Scherer 1999) . To confirm the presence of compensation, single-sample t tests with Bonferroni correction were used to compare total daily nicotine intake during reduction to a theoretical mean of 50%, which represents the predicted nicotine intake if intake decreased proportionally to unit dose (i.e., if no compensation had occurred). ICSS data in the control group during comparable sessions were analyzed in the same manner as for the NSA group in this and subsequent analyses.
Effects of mecamylamine on ICSS and somatic signs
Paired-sample t tests were used to compare the effects of acute mecamylamine versus saline injection on ICSS data and somatic withdrawal signs.
Effects of extinction on infusion rates and ICSS
Overall (i.e., 22 h) infusion rates during pre-extinction and each day of extinction in the NSA group were analyzed as above. To examine within-session patterns of responding on the first day of extinction, infusion rates during pre-extinction and on extinction day 1 were separated into 2-h blocks (Harris et al. 2007 ). Data were analyzed using a two-way repeated measures ANOVA with phase (pre-extinction versus extinction day 1) and 2-h block as factors, followed by post hoc paired t tests with Bonferroni correction. Intracranial self-stimulation threshold and latency data during extinction were analyzed using separate two-way ANOVAs with group (i.e., NSA versus control) and extinction session as factors. To explore the significant interaction between group and session on ICSS thresholds (see "Results"), data were averaged across extinction sessions 1-3 (i.e., the sessions in which ICSS thresholds in the NSA group were elevated compared to baseline, see Fig. 4c ) and compared between groups using an independent samples t test. In addition, ICSS thresholds during extinction within each group were analyzed using separate one-way ANOVAs followed by Bonferroni post tests.
Compensation indices and correlates
A Compensation Index (CI) analogous to a measure of compensation used in smokers (Scherer 1999 ) was calculated for each rat using the formula: 1 − (% decrease in total daily nicotine intake following reduction ÷ % decrease in nicotine unit dose following reduction). A CI of 0 indicates no compensation (total daily nicotine intake decreased proportionally to the reduction in unit dose), while a CI of 1.0 indicates full compensation (total daily nicotine intake was unchanged following dose reduction). Separate CIs were computed for each rat during the first (initial CI) and final (stable CI) 5 days of reduction. The initial CI reflects a period in which any withdrawal effects would be most likely to occur, while the stable CI represents the final degree of compensation achieved. Each CI was compared to a theoretical mean of 0 using a single-sample t test. Linear regression was then used to examine the relationship between each rat's initial and stable CI and the following factors: daily infusion rates during the pre-reduction baseline, changes in ICSS thresholds during either the first or final 5 days of reduction testing, magnitude of mecamylamine-precipitated withdrawal (percent change in ICSS thresholds compared to baseline following s.c. mecamylamine), and magnitude of spontaneous withdrawal (peak percent change in ICSS thresholds compared to baseline during the first three extinction sessions, regardless of the session in which the peak occurred). This measure accounts for the substantial between-subject differences in the time course of changes in ICSS thresholds during extinction.
Additional correlates of withdrawal magnitude
In a secondary analysis, linear regression was used to examine the relationship between magnitude of precipitated and/or spontaneous withdrawal and the following factors: baseline daily infusion rates, cumulative nicotine exposure (total milligrams per kilogram) prior to withdrawal testing, magnitude of the "overall extinction burst" (i.e., percent change in 22-h infusion rates between pre-extinction and extinction day 1), and magnitude of the "peak extinction burst" (i.e., percent change in infusion rates collapsed across the 2-h blocks ending at 1500 and 1700 hours, the only within-session intervals in which the extinction burst was statistically significant; see Fig. 4b ).
Results
Attrition and baseline ICSS measures
Several animals were lost to attrition during either mecamylamine-precipitated withdrawal testing (n=3 for NSA group, n=2 for the control group) or extinction/ spontaneous withdrawal testing (n=2 for NSA group, n=1 for the control group) due to loss of catheter patency, loss of ICSS headcap, or other procedural problems. Data for these animals are analyzed only for those phases they completed. ICSS thresholds and response latencies did not differ between the NSA group and the control (i.e., nicotine-naïve) group during any baseline period ( Table 1) , indicating that 22-h NSA (0.06 mg/kg per infusion) did not affect brain reinforcement function.
Effects of dose reduction and reacquisition on NSA and ICSS
Reduction in nicotine unit dose elicited partial compensation (i.e., compensatory increases in NSA were not sufficient to maintain baseline levels of intake) but did not precipitate withdrawal as measured by elevations in ICSS thresholds (Fig. 2a) . There was an effect of session on daily infusion rates (F(10,130)=4.2, p<0.0001), with infusion rates increased compared to baseline on all days of reduction (p< 0.05 or 0.01). Within-session patterns of responding during baseline and reduction were similar to those reported previously in this model (see Harris et al. 2009 ). Despite the increase in infusion rates, there was an effect of session on total daily nicotine intake (F(10,130)=11.0, p<0.0001), with reduced intake compared to baseline on all days of reduction (all p<0.01). However, decreases in nicotine intake were proportionally less than the 50% decrease in unit dose on nearly all days of reduction ( Fig. 2a ; t(13)=3.5-5.1, all p< 0.05), indicating partial compensation. During the final 5 days of reduction, the mean percent increase in infusion rates ± SEM was 30.9±6.3% (range, −13.0% to 78.4%), while the mean percent decrease in nicotine intake ± SEM was 34.6± 3.2% (range, 10.8-56.5%). The decrease in nicotine intake was not sufficient to induce withdrawal as there was no effect of session on ICSS thresholds during reduction. During reacquisition of NSA (0.06 mg/kg per infusion), infusion rates and total daily nicotine intake immediately returned to baseline levels, while ICSS thresholds remained unchanged. There was no effect of session on any of these measures during reacquisition. There was also no effect of session on ICSS response latencies during either reduction or reacquisition (data not shown), indicating that ICSS threshold data were not influenced by non-specific (e.g., motor) effects.
There was no effect of session on ICSS thresholds (Fig. 2b) or response latencies (data not shown) in the control group during the ICSS sessions corresponding to either reduction or reacquisition testing in the NSA group, confirming that these measures remained stable over time in the absence of NSA testing.
Effects of mecamylamine on ICSS and somatic signs
Mecamylamine increased ICSS thresholds (t(10)=2.7, p= 0.02) and somatic signs (t(7)=2.7, p=0.03) compared with saline in the NSA group, reflecting precipitated withdrawal, but did not affect these measures in the control group (Fig. 3a, b Fig. 2 a Mean (±SEM) total number of infusions earned per daily session, total daily nicotine intake, and ICSS thresholds (expressed as percent of pre-reduction baseline) during baseline (0.06 mg/kg per infusion), the first and final 5 days of reduction (0.03 mg/kg per infusion), and reacquisition of NSA (0.06 mg/kg per infusion) in the NSA group. The dotted line during the reduction phase represents predicted total daily nicotine intake if intake had decreased proportionally to reduction in nicotine unit dose (i.e., no compensation had occurred). *Significantly different from the pre-reduction baseline, p< 0.05 or 0.01. # Significantly different from predicted total daily nicotine intake if no compensation had occurred (reduction day 5 excluded), p<0.05 or 0.01. Intracranial self-stimulation threshold data during comparable periods in the control group are shown in b in the NSA group (mean percent change in latency following mecamylamine ± SEM=113.9±5.8%; saline=99.4±3.6%, t(10)=2.3, p<0.05), but not in controls (data not shown).
Effects of extinction on infusion rates and ICSS
Infusion rates
There was an effect of session on daily infusion rates during extinction (F(7,56)=31.5, p<0.0001), with infusion rates increased compared to the pre-extinction baseline on extinction day 1 (p<0.01, Fig. 4a ) and decreased compared to pre-extinction on subsequent days (p<0.05 or 0.01). Magnitude of the "extinction burst" on extinction day 1 was greatest early within the session (Fig. 4b) . A within-session analysis indicated the effects of phase (i.e., pre-extinction versus extinction day 1: F(1,8)=26.6, p<0.0001), 2-h block (F(10,80)=6.6, p<0.0001), and an interaction (F(10,80)= 4.1, p<0.0001). Infusion rates were increased compared to pre-extinction during the 2-h blocks ending at 1500 and 1700 hours (p's<0.05).
Intracranial self-stimulation
There was no effect of group or session on ICSS thresholds during extinction, but there was a significant interaction (F(6,90) = 4.2, p < 0.001). Intracranial selfstimulation thresholds were elevated in the NSA group compared to the control group during extinction sessions 1-3 (t(15)=2.3, p<0.05), reflecting spontaneous withdrawal (Fig. 4c) . There was also an effect of session in the NSA group (F(7,56)=3.2, p<0.01), with ICSS thresholds differing significantly between extinction day 1 and extinction day 6 a b (p<0.05). In contrast, there was no effect of session on ICSS thresholds in the control group. There was also no effect of group, session, or interaction on response latencies.
Compensation indices and correlates (primary outcomes)
Compensation in this model was partial and associated with a considerable degree of individual variability. The average initial and stable CIs (i.e., CI during the first and final 5 days of reduction, respectively) for the NSA group (mean ± SEM) were 0.32±0.07 (range, −0.06 to 0.91) and 0.31 ± 0.06 (range, −0.13 to 0.78), respectively. One rat had negative CIs because its reduction in nicotine intake was greater than the reduction in nicotine unit dose. Initial and stable CIs were correlated with each other (r=0.78, p<0.01) and were >0 (a CI representing no compensation; t(13)=4.6 or 4.9, p's< 0.001), but <1.0 (a CI representing complete compensation).
There was a negative correlation between daily infusion rates during the pre-reduction baseline and both initial CI (Table 2 ) and stable CI (Table 2 and Fig. 5a ). Rats with the highest baseline infusion rates exhibited the lowest levels of compensation throughout reduction. Changes in ICSS thresholds during dose reduction, antagonist-precipitated withdrawal, or spontaneous withdrawal were not correlated with initial or stable CIs (Table 2 and Fig. 5b-d) .
These measures were also not correlated with more acute changes in CIs calculated across the first 1 or 3 days of dose reduction (data not shown).
Additional correlates of withdrawal magnitude (secondary outcomes)
The magnitude of the peak extinction burst, but not the overall (22 h) extinction burst, was correlated with the magnitude of precipitated withdrawal (Table 3 and Fig. 6 ). There were no significant relationships between any other variables examined and withdrawal magnitude (Table 3) .
Discussion
As in prior animal studies (e.g., Corrigall and Coen 1989; DeNoble and Mele 2006; Harris et al. 2009 ), decreases in nicotine intake following NSA unit dose reduction were proportionally less than the decrease in unit dose. The overall magnitude and degree of individual variability in compensation (mean initial CI=0.32; range, −0.06 to 0.91) was similar to that observed in smokers (e.g., Benowitz et al. 1986; Scherer 1999; Hecht et al. 2004) . Rats were clearly nicotine-dependent, as shown by increases in ICSS thresholds and somatic signs during antagonist-precipitated withdrawal and increases in ICSS thresholds during extinction (i.e., spontaneous withdrawal). Reducing the nicotine unit dose resulted in a 35% decrease in total daily nicotine intake, but did not elicit withdrawal as measured by the mean change in ICSS thresholds (i.e., compensation in most animals was sufficient to avoid withdrawal). There was individual variability in ICSS thresholds after nicotine dose reduction, with substantial (i.e., >20%) increases in some rats (see Fig. 5b ), but no correlation was found between changes in ICSS thresholds and degree of compensation. The lack of a robust withdrawal effect may have limited our ability to detect a relationship between changes in ICSS thresholds during reduction and degree of compensation. However, there was no correlation between compensation and elevated ICSS thresholds during antagonist-precipitated or spontaneous withdrawal, effects that were more robust. Taken together, these findings suggest that severity of withdrawal is not a determinant of individual differences in compensation in this model.
Interpretation of compensation
Compensation occurs when a change in nicotine intake is proportionally less than a change in nicotine unit dose (see Hughes and Carpenter 2005; Scherer 1999 ). Compensation clearly occurred in this study, as nicotine intake was Table 2 Pre-reduction baseline infusion rates (infusions/22 h) and ICSS thresholds (expressed as percent of the appropriate baseline) during reduction and withdrawal testing for rats in the NSA group.
Correlation coefficients between these measures and the two compensation indices are also shown reduced by only 35% when the unit dose was reduced by 50% and was achieved via an increase in infusion rates. While the definition of compensation is simply descriptive and does not allude to any underlying mechanism(s), compensation is typically interpreted as an attempt to titrate nicotine intake (e.g., Corrigall and Coen 1989; Matta et al. 2007 ). An alternative explanation is that the 0.06-mg/kg per infusion unit dose (i.e., training dose) produces aversive or motoric effects that suppress infusion rates and that the increased responding following dose reduction reflects a reduction or elimination of these non-specific effects. Several findings argue against this interpretation. First, a 0.06-mg/kg per infusion unit dose supported higher infusion rates than a 0.03-mg/kg per infusion unit dose on a progressive ratio schedule of reinforcement (Donny et al. 1999; 2006; Cohen et al. 2009 ). Third, in the current study, rates of inactive lever pressing (a measure of non-specific motor effects) during access to the 0.06-and 0.03-mg/kg per infusion unit doses did not differ (data not shown). Finally, initiation of NSA training with the 0.06-mg/kg per infusion unit dose did not elevate ICSS thresholds or response latencies, effects that are thought to measure drug-induced aversion and motor suppression, respectively (Markou and Koob 1992; Spiller et al. 2009 ). It is therefore highly unlikely that aversive or motoric effects of the training dose can account for the effects of dose reduction in this study. Therefore, it seems most likely that compensation in this study reflected nicotine seeking, an interpretation supported by similarities between compensation in this model and compensatory smoking in humans (see above).
Potential for nicotine exposure reduction to induce withdrawal
The lack of withdrawal following dose reduction for rats as a group is consistent with studies reporting only moderate or no withdrawal symptoms in humans smoking cigarettes with reduced nicotine yields or reduced nicotine content (e.g., Benowitz et al. 2007; West et al. 1984) . Together, these data suggest that withdrawal is not a prominent consequence of partial reductions in nicotine intake for most individuals. These findings also complement a previous report that a large but partial reduction in brain nicotine levels achieved via administration of nicotine-specific antibodies was not sufficient to elicit withdrawal in rats dependent on a chronic nicotine infusion (Roiko et al. 2009) . A potential limitation of the current study design is that the times at which ICSS was tested during reduction (i.e., at 24-h intervals) may not have coincided with the times at which withdrawal occurred. A more detailed characterization of the time course of ICSS thresholds following dose reduction was not conducted because the sequential nature of the ICSS and NSA assessment would have required repeated interruption of the NSA sessions. Methods that allow concurrent measurement of NSA and ICSS are needed to address this issue.
The current approach may not have been optimal for detecting a robust withdrawal effect during reduction, as most rats appeared to have self-administered enough nicotine to alleviate any withdrawal before the first withdrawal measurement. Of course, rats must have access to the lower unit dose before the effects of reduced nicotine exposure can be measured, but it is unclear how much exposure should be allowed before assessment begins. We chose a 24-h interval for assessing withdrawal because it is analogous to human studies examining the effects of reduced nicotine cigarettes. These studies also involved the assessment of withdrawal at only limited (i.e., daily to weekly) intervals and continued access to nicotine during reduction (e.g., Benowitz et al. 2007; West et al. 1984) . That mild withdrawal symptoms were reported in several of these human studies (e.g., West et al. 1984; Zacny and Stitzer 1988) supports the feasibility of our approach. Therefore, despite its limitations, the current study represents an important initial step in modeling the consequences of reduced nicotine intake that parallels human studies addressing the same issue.
Factors contributing to individual differences in compensation
The considerable degree of between-subject variability in compensation in this model was exploited to examine potential correlates of compensation. We have previously reported that rats with higher baseline infusion rates compensate less in this dose reduction model ). The current study confirms this finding and extends its generality to the experimental conditions unique to this study (e.g., assessment of ICSS in the same animals). High baseline infusion rates were also correlated with less compensation following reduction in the duration of daily access to NSA (Harris et al. 2008 ). Consistent with these animal studies, higher levels of baseline nicotine intake were associated with lower compensation in humans (Benowitz et al. 1986 ). While the mechanism underlying this relationship is not yet clear (see Harris et al. 2009 for discussion), a smoker's baseline level of nicotine intake prior to nicotine exposure reduction may provide an easily obtained predictor of the magnitude of compensation during reduction.
The current findings suggest that severity of withdrawal, as measured using ICSS, does not mediate individual differences in compensation in this model of nicotine dose reduction. However, withdrawal-induced elevations in ICSS thresholds may be correlated with compensation elicited in a different manner (e.g., reduction in access; Fig. 6 Correlation between magnitude of precipitated withdrawal and magnitude of the peak extinction burst (see text for definition of these terms) Harris et al. 2008) . Examining whether the severity of withdrawal assessed using different measures (e.g., conditioned place aversion) is related to individual differences in compensation in this and other models would also be of interest.
Additional correlates of withdrawal magnitude
While not a primary focus, this study provided the opportunity to examine the role of several factors in individual differences in withdrawal severity. Baseline infusion rates and cumulative nicotine intake were not related to the magnitude of either precipitated or spontaneous withdrawal. This contrasts a report (O'Dell et al. 2007 ) that greater cumulative nicotine intake in an unlimited access NSA model was associated with greater precipitated withdrawal severity as measured by somatic signs. Methodological factors that could account for this difference include withdrawal measure (i.e., ICSS versus somatic signs), rat strain, and history of nicotine exposure prior to withdrawal testing. In addition, data in O' Dell et al. (2007) were pooled across separate groups responding for different nicotine unit doses. This resulted in a larger overall sample size and a wider range of baseline levels of nicotine intake than in the current study, which may have facilitated the detection of a significant relationship between nicotine intake and withdrawal severity.
Greater severity of precipitated withdrawal was associated with a greater magnitude of the "peak extinction burst" (i.e., increases in infusion rates early within the session on extinction day 1), a novel finding suggesting that withdrawal processes may motivate increases in drug seeking during the early stages of extinction. Future studies are needed to examine whether similar factors influence withdrawal-induced elevations in ICSS thresholds and extinction-induced bursts in nicotine seeking, which may help elucidate neural mechanisms mediating extinction of NSA. To the extent that response rate during extinction is indicative of the motivation to engage in drug seeking and relapse during drug abstinence (Epstein et al. 2006; Markou et al. 1993) , these findings also complement human data indicating that greater withdrawal severity is associated with reduced smoking cessation success (Piasecki et al. 1998 (Piasecki et al. , 2003 .
Effects of unlimited access NSA on ICSS
This study is the first to examine unlimited access NSA and ICSS within subjects and provides a model for studying the effects of self-administered nicotine and withdrawal on brain reinforcement function. While 22-h/day NSA had no acute effects on ICSS in the current study, limited access (1, 6, or 12 h/day) NSA produced a significant reduction in ICSS thresholds (Kenny et al. 2009; Paterson et al. 2008) . A nicotinic antagonist blocked the ICSS threshold-reducing effects of NSA in , but did not elevate ICSS thresholds above baseline levels (i.e., precipitated withdrawal did not occur). also reported decreases in ICSS thresholds following suspension of NSA sessions (rats were not tested under conditions of saline extinction; see . The modest decrease in ICSS thresholds on extinction days 5-7 in the current study (see Fig. 4b ) may parallel the latter finding, but in general, the effects of NSA on ICSS in this study (i.e., no acute effects on ICSS thresholds, elevations in ICSS thresholds during withdrawal) differed considerably compared with those reported in . While there are a variety of methodological differences (e.g., rat strain, nicotine training dose, manner in which spontaneous withdrawal was assessed) between studies, these findings raise the possibility that duration of access (i.e., limited versus unlimited) may influence the effects of NSA on brain reinforcement function.
Conclusion
Nicotine dose reduction in smokers has been studied in a variety of ways, including (1) use of commercial cigarettes which are highly ventilated, achieve lower nicotine yield through increasing ventilation, and readily allow compensation through changes in smoking topography (e.g., Benowitz et al. 2005 ) and (2) use of reduced nicotine content research cigarettes which are poorly ventilated, achieve lower nicotine delivery through their reduced nicotine content, and which do not readily allow compensation due to these differences in product design Hatsukami et al. 2010a; Rose and Behm 2004) . The current study most closely models reduction via commercial cigarettes because both these cigarettes and the rodent NSA paradigm allow compensation to be readily expressed. The rodent data in the present study suggest that nicotine withdrawal is not a major determinant of individual differences in compensation under these conditions. However, the current data do suggest that withdrawal may mediate nicotine seeking during the early stages of abstinence.
